exchanger (NCX) were evaluated in the ventricular muscle of 10-wkold ORX rats with and without testosterone supplementation (2.5 mg/kg testosterone propionate, 2 times/wk). ORX induced a 50% decrease in contraction force accompanied by a prolonged time to achieve 50% relaxation (T 50) in isolated intact ventricular trabeculae, which was partially corrected by testosterone administration. Maximum active tension was also suppressed in ORX rats without changes in myofilament Ca 2ϩ sensitivity and passive stiffness of the heart. Using a sarcoplasmic reticulum-enriched membrane preparation, the maximum thapsigargin-sensitive SERCA activity of the ORX rat was 27% lower with an increased Ca 2ϩ sensitivity, which was prevented by testosterone treatment. However, neither changes in SERCA content nor its modulating components, sarcolipin and heat shock protein 20, were detected in the ORX rat, but there was a significant decrease in the phosphorylated Thr 17 form of phospholamban. Despite a lower level of NCX protein in the heart of ORX rats, prolonged T50 disappeared after an incubation with thapsigargin (10 M), implying a lack of effect of male sex hormone deficiency on NCX function. These findings indicate that male sex hormones can regulate cardiac relaxation by acting mainly through SERCA. However, a detailed mechanism of SERCA modulation under male sex hormone deficiency status remains to be explored. orchidectomized rat; sarco(endo)plasmic reticulum Ca 2ϩ -ATPase; Na ϩ /Ca 2ϩ exchanger; sex difference; gender THE WELL-RECOGNIZED SEX DIFFERENCE in the incidence of cardiovascular disease has led to a number of studies on the contribution of sex hormones on cardiac contractile activation (29, 32). The presence of androgen receptors in both male and female cardiac myocytes suggests a significant cardioregulatory role of male sex hormone on contractile activity (23), but the molecular and cellular mechanisms of the effects remain unclear. Significant suppressions of both contraction and relaxation activities of the heart have been documented in adult gonadectomized male rats (14, 33) . Using an isolated heart preparation, Scheuer and colleagues (33) were the first to demonstrate a reduction in cardiac contractile functions, including ejection fraction, peak systolic pressure, and cardiac output, all of which were restored to normal values by testosterone supplementation. Golden and colleagues (14) reported reduced contractility with a prolonged relengthening time of cardiac myocytes isolated from orchidectomized (ORX) rats, which was completely reversed by testosterone treatment.
transients of cardiomyocytes in orchidectomized (ORX) rats could be a cause of cardiac dysfunction in the hypogonadal condition. To investigate the role of male sex hormones in intracellular Ca 2ϩ homeostasis during relaxation, Ca 2ϩ -handling activities by sarco-(endo)plasmic reticulum Ca 2ϩ -ATPase (SERCA) and the Na ϩ /Ca 2ϩ exchanger (NCX) were evaluated in the ventricular muscle of 10-wkold ORX rats with and without testosterone supplementation (2.5 mg/kg testosterone propionate, 2 times/wk). ORX induced a 50% decrease in contraction force accompanied by a prolonged time to achieve 50% relaxation (T 50) in isolated intact ventricular trabeculae, which was partially corrected by testosterone administration. Maximum active tension was also suppressed in ORX rats without changes in myofilament Ca 2ϩ sensitivity and passive stiffness of the heart. Using a sarcoplasmic reticulum-enriched membrane preparation, the maximum thapsigargin-sensitive SERCA activity of the ORX rat was 27% lower with an increased Ca 2ϩ sensitivity, which was prevented by testosterone treatment. However, neither changes in SERCA content nor its modulating components, sarcolipin and heat shock protein 20, were detected in the ORX rat, but there was a significant decrease in the phosphorylated Thr 17 form of phospholamban. Despite a lower level of NCX protein in the heart of ORX rats, prolonged T50 disappeared after an incubation with thapsigargin (10 M), implying a lack of effect of male sex hormone deficiency on NCX function. These findings indicate that male sex hormones can regulate cardiac relaxation by acting mainly through SERCA. However, a detailed mechanism of SERCA modulation under male sex hormone deficiency status remains to be explored. orchidectomized rat; sarco(endo)plasmic reticulum Ca 2ϩ -ATPase; Na ϩ /Ca 2ϩ exchanger; sex difference; gender THE WELL-RECOGNIZED SEX DIFFERENCE in the incidence of cardiovascular disease has led to a number of studies on the contribution of sex hormones on cardiac contractile activation (29, 32) . The presence of androgen receptors in both male and female cardiac myocytes suggests a significant cardioregulatory role of male sex hormone on contractile activity (23) , but the molecular and cellular mechanisms of the effects remain unclear. Significant suppressions of both contraction and relaxation activities of the heart have been documented in adult gonadectomized male rats (14, 33) . Using an isolated heart preparation, Scheuer and colleagues (33) were the first to demonstrate a reduction in cardiac contractile functions, including ejection fraction, peak systolic pressure, and cardiac output, all of which were restored to normal values by testosterone supplementation. Golden and colleagues (14) reported reduced contractility with a prolonged relengthening time of cardiac myocytes isolated from orchidectomized (ORX) rats, which was completely reversed by testosterone treatment.
These results indicate a role of male sex hormone in regulating intracellular Ca 2ϩ flux into and from myofilaments accounting for the depression of contractility and relaxation in the heart of ORX rats.
Homeostatic maintenance of intracellular Ca 2ϩ mobilization is crucial for normal cardiac performance (4) . Different movements of Ca 2ϩ occurring during excitation-contraction coupling and cytosolic Ca 2ϩ removal underlie myocardial contraction and the relaxation cycle, respectively. While the ryanodine receptor is involved in the release of Ca 2ϩ from the sarcoplasmic reticulum (SR) induced by Ca 2ϩ influx through L-type Ca 2ϩ channels, sarco(endo)plasmic reticulum Ca 2ϩ -ATPase (SERCA) and the Na ϩ /Ca 2ϩ exchanger (NCX) are primarily involved in Ca 2ϩ removal from the cytosol. The Ca 2ϩ uptake activity of SERCA is physiologically modulated either by the phosphorylation status of Ser 16 and Thr 17 or by the exchange between monomer and pentamer forms of phospholamban (PLB) (20) . A protective role of male sex hormone against intracellular Ca 2ϩ overload has been suggested (8) . Although the effect of sex on peak L-type Ca 2ϩ current is still controversial (19, 24, 28) , changes in unitary SR Ca 2ϩ release and spontaneous Ca 2ϩ sparks have been demonstrated to contribute, in part, to the sex-dependent differences in cardiac contractile function (13) . However, there is very little information regarding the physiological role of male sex hormone in regulating the activities of intracellular Ca 2ϩ removal by SERCA and NCX, although there are many reports showing the regulatory role of male sex hormone on mRNA and protein levels.
In the present study, we examined the relationship between male sex hormone and the activity of intracellular Ca 2ϩ removal proteins, based on the notion that male sex hormone can exert significant regulatory control of SERCA and NCX activities, which underlie the suppressive contractile response after hormone deficiency. The results indicated that male sex hormone exerts a significant effect in maintaining the activation of cardiac SERCA activity and thereby cardiac contractile activity without affecting NCX function.
MATERIALS AND METHODS
Materials. All chemicals were purchased from Sigma Chemical (St. Louis, MO) and Merck (Damstadt, Germany). Electrophoresis reagents were from Bio-Rad (Hercules, CA) or Amersham Pharmacia Biotech (Buckinghamshire, UK). Peroxidase-conjugated affinipure donkey anti-mouse IgG (HϩL) was from Fitzgerald (North Action, MA), and horseradish peroxidase-conjugated goat anti-rabbit IgG (HϩL) was from Zymed (San Francisco, CA). Testosterone propi-onate was from Ferring Pharmaceuticals (Bangkok, Thailand), and thapsigargin was from Alomone (Jerusalem, Israel).
Animals. Eight-week-old male Sprague-Dawley rats were sham operated (sham) or underwent ORX. Individual rats were housed in standard cage with access to rat chow and water ad libitum. ORX rats (n ϭ 21) were randomly subjected to testosterone supplementation through a subcutaneous injection of 2.5 mg/kg testosterone propionate (2 times/wk), starting on day 3 after ORX. The remaining ORX (n ϭ 21) and sham (n ϭ 21) rats received ethyloleate as a vehicle at the same dose as that of testosterone treatment. Lack of androgen was indirectly verified by measuring the decrease in seminal vesicular weight on the day that the rat was euthanized. Animal protocols were approved by the Experimental Animal Committee of the Faculty of Science of Mahidol University, in accordance with guidelines of National Laboratory Animal Centre of Thailand.
SERCA measurement. SR membrane vesicles were prepared from left ventricular homogenates as previously described (6) . In brief, the left ventricle was minced and homogenized in iced-cold 10 mM NaHCO 3 buffer (pH 6.8) containing a cocktail of protease inhibitors. The homogenate was centrifuged twice at 10,000 g to sediment myofilaments and nuclei, and the supernatant was further centrifuged at 100,000 g to obtain phospholipid membrane vesicles. SR-enriched membrane vesicles were purified using sucrose gradient centrifugation, and the vesicles (pellet) were resuspended in Tris-HEPES buffer containing 0.4 M sucrose. Suspensions of SR-enriched membranes were kept at Ϫ80°C and assayed within 1 wk. SERCA activity was determined at Ca 2ϩ concentrations ranging from pCa 8.0 to 5.0 at pH 7.0 and 37°C using a trienzyme coupled assay method (9) . The reaction mixture contained (in mM) 21 MOPS, 4.9 NaN3, 0.06 EGTA, 100 KCl, 3 MgCl2, 0.2 NADH, and 1 phosphoenolpyruvate with 8.4 units pyruvate kinase, 12 units lactate dehydrogenase, and 5 g/ml SR protein. ATPase activity was initiated by the addition of 1 mM ATP. SERCA activity was determined from the linear kinetics of the NADH decrease monitored in a recording spectrophotometer (UV 2550, Shimadzu) at 340 nm. Specific SERCA activity was obtained from subtraction of total activity by nonspecific activity measured in the presence of 1 M thapsigargin.
Trabecula shortening and indirect determination of SERCA and NCX activities. Ten weeks after surgery, rats were anesthetized by an intraperitoneal injection of pentobarbital sodium (50 mg/kg body wt) after heparinization (1,000 U/kg body wt). The heart was rapidly removed and perfused with Ca 2ϩ -free Kreb-Henseleit buffer containing 2,3-butanedione monoxime. The ventricle was opened, and ultrathin nonbranched trabeculae were carefully dissected from the free walls of both the right and left ventricles. The trabeculae were then hooked at one end to a FORT 10 force transducer (WPI, Sarasota, FL) and at the other end to a displacement generator at a slack length of the fiber in Ca 2ϩ -free Tyrode buffer (136.5 mM NaCl, 5.4 mM KCl, Values are means Ϯ SE; n ϭ 8 sham-operated (sham) rats, 8 orchiectomized (ORX) rats, and 10 ORX rats with testosterone supplementation. *Significantly different (P Ͻ 0.05) from the sham group using ANOVA; †significantly different (P Ͻ 0.05) from the sham group using t-test. 0.53 mM MgCl2, 5.5 mM glucose, and 5.0 mM HEPES; pH 7.4) at 37°C with continuous oxygenation (26) . Before stimulation, the muscle fiber was slackened to obtained zero passive force, and the muscle was then gradually stretched in steps of 50 m until an increase in the passive force was detected. Stretch was then relaxed by one step to the slack length with an estimated sarcomere length of 1.85-1.9 m (21). After that, the buffer solution was then changed to 1.8 mM Ca 2ϩ -Tyrode buffer, and fiber shortening was initiated by pulse stimulation of 2-ms duration at 0.5 Hz and a threshold potential of 1-2 V. Upon shortening stabilization, the trabeculae were then slacked and stretched one more time to obtain the maximum developed force without a disproportional increase in diastolic force. The declining time to 50% of maximum shortening (T 50) during the control phase of trabecula shortening was used as an index of the Ca 2ϩ efflux rate from the sarcoplasm by SERCA and NCX activities. Indirect determination of NCX activity in extruding Ca 2ϩ was obtained from the T50 of trabecula shortening in the presence of 10 M thapsigargin, as previously reported (27) .
SERCA Activity
Sarcomere length-passive tension and pCa-active tension measurements. Nonbranched trabeculae from the free wall of the right ventricle and the left ventricular papillary muscle were dissected. Papillary muscle was cut longitudinally into a small fiber bundle (150 -250 m in diameter) in ice-cold high-relaxing buffer [10 mM EGTA, 2 mM free Mg 2ϩ , 5 mM MgATP 2Ϫ , 79.2 mM KCl, 12 mM creatine phosphate, 20 mM MOPS (pH 7.0), 2.5 g/ml pepstatin A, 1 g/ml leupeptin, and 50 M PMSF; ionic strength: 0.15 M] (7). For measurements of force contraction in various Ca 2ϩ concentrations, left ventricular stripped papillary fibers were skinned in high-relaxing buffer containing 1% Triton X-100 for 1 h at 25°C. The skinned fiber bundle was attached using aluminum T-clips at one end to a displacement generator and at the other end to a force transducer (KG-7) (18). Active tension was measured at a sarcomere length of 2.2 m at 15°C in a solution containing Ca 2ϩ concentrations ranging from pCa 7.0 to 4.5. Right ventricular trabeculae were skinned overnight at 4°C for passive force measurements. Passive force was measured by stretching and holding at sarcomere lengths ranging from 1.9 to 2.5 m, as determined by the laser diffraction pattern in high-relaxing buffer at 20°C. The cross-sectional area of the fiber bundle was calculated based on an elliptical model.
Immunoblot analysis. Frozen left ventricular tissue was homogenized in extracting buffer containing protease inhibitor cocktail, and protein concentrations were determined by the bicinchoninic acid assay. Monoclonal antibodies against SERCA2 (1:1,000 dilution) and PLB (1:5,000) were used for immunochemical staining of SERCA and PLB, respectively, and polyclonal antibodies against phosphorylated Ser 16 (1:5,000) and phosphorylated Thr 17 (1:5,000) PLB were used for phospho-Ser 16 and phospho-Thr 17 PLB, respectively. Polyclonal antibodies against NCX (1:1,000, Millipore, Billerica, CO) were used for immunochemical staining of NCX. Sarcolipin (SLN) and heat shock protein (Hsp)20 levels were determined using polyclonal antibodies against SLN (1:2,000) and Hsp20 (1:1,000). Quantitation of ␤-actin (using polyclonal antibodies at 1:10,000) was performed for normalization of gel loading. The density of the protein bands was measured using Image Master Labscan version 3.01 and Image Master Totallab version 1.0 (Amersham Pharmacia Biotech).
Statistical analysis. The relationship between pCa and SERCA activity or active tension was fitted to the Hill equation using nonlinear least-squares regression analysis (GraphPad Inplot, ISI software PRISM4) to determine half-maximal activating Ca 2ϩ concentration values and Hill coefficients. Data are presented as means Ϯ SE. Significance of difference among groups was analyzed using one-way ANOVA followed by a Student-Newman-Keuls test for multiple comparisons, with P values of Ͻ0.05 being considered significantly different. Student's unpaired t-test was used for testing the significance between the mean of two groups.
RESULTS
Body, heart, seminal vesicle, and soleus weights of sham and ORX rats with and without testosterone supplementation are shown in Table 1 . As expected, deficiency of male sex hormones in the ORX group resulted in a significant reduction in seminal vesicular weight compared with the sham group without affecting body, heart, and soleus weights. Testosterone treatment completely prevented the decrease in the seminal vesicular weight of ORX rats.
The effect of testosterone on intracellular Ca 2ϩ handling in cardiac myocytes was evaluated by determining SERCA activity of the left ventricular SR vesicle preparation in the presence of various concentrations of Ca 2ϩ . A significant suppression of maximum SERCA activity was clearly detected in the heart of ORX rats (0.55 Ϯ 0.05 mol P i ·mg protein Ϫ1 ·min Ϫ1 ) compared with sham rats (0.76 Ϯ 0.04 mol P i ·mg protein Ϫ1 ·min
Ϫ1
; Fig. 1, A and B) . Moreover, a significant increase in the Ca 2ϩ responsiveness of SERCA, as shown by a leftward shift in pCa-SERCA activity, was obtained in ORX rat hearts (EC 50 : 0.23 Ϯ 0.03 M) compared with sham hearts (EC 50 : 0.37 Ϯ 0.04 M; Fig. 1, C and D) . The dose of testosterone supplementation in the ORX rats used in this study prevented both the suppression of maximum activity and hyperresponsiveness of SERCA to Ca 2ϩ . To determine whether changes of SERCA activity in the ORX rat heart were associated with alterations in the levels of SERCA and/or its major regulatory protein PLB, the amounts of SERCA and the various forms of PLB were determined by immunoblot analysis. Surprisingly, there were no changes in either SERCA or PLB content (Fig. 2 ). There were no changes in the ratios of monomer to pentamer forms of PLB (Fig. 2E) . However, the level of PLB phosphorylation was reduced by 33%, but only of phospho-Thr 17 PLB (Fig. 3B) and not phospho-Ser 16 PLB (Fig. 3A) , and this was prevented by testosterone treatment (Fig. 3B) . Analysis of another regulator of the SERCA pump, SLN, also demonstrated an absence in alteration of the protein level in the left ventricles of ORX rats compared with sham rats (Fig. 4A) . As a recent study (23) has indicated a beneficial role of Hsp20 as a regulator of SR Ca 2ϩ cycling by targeting protein phosphatase type 1, a known regulator of PLB signaling, we also examined for a possible effect of testosterone on Hsp20 status, which demonstrated no changes in Hsp20 content in the heart of ORX rats compared with sham rats (Fig. 4B) . These results suggest a dissociation of the PLB modulating effect on cardiac SERCA activity in the ORX rat.
The impact of male sex hormones on the handling of cardiac intracellular Ca 2ϩ by SERCA and NCX was determined by measuring the contraction profile of intact ventricular trabeculae at baseline (control phase) and during an incubation in the presence of 10 M thapsigargin. At the basal state, there was a significant reduction (46%) in maximum developed force of the ORX rat heart, which was prevented in the testosteronesupplemented ORX group (Fig. 5, A and B) . SERCA and NCX activities in cytosolic Ca 2ϩ handling were indirectly estimated as the T 50 of trabecula shortening in the basal state, which was significantly prolonged in the ORX group compared with the sham group (Fig. 5C ). Although deprivation of male sex hormones decreased maximum active tension (Fig. 6, A and B) , neither changes in the Ca 2ϩ sensitivity of myofilaments (pCa 50 ) nor in the passive stiffness of the heart from ORX rats were detected (Figs. 6, C and D, and 7) . Thus, the prolonged trabecula shortening in the ORX group was mainly associated with changes in intracellular Ca 2ϩ mobilization. In addition, in the presence of 10 M thapsigargin, an inhibitor of SERCA, the trabecula shortening amplitude was significantly reduced, as expected, in all groups. On the other hand, the T 50 of trabecula shortening during the incubation with thapsigargin was not different among all groups, suggesting unchanged NCX activity. However, a significant reduction of NCX content was observed in the heart of ORX rats, which could be prevented by testosterone (Fig. 8) .
DISCUSSION
Sex hormones play a significant role on cardiac function leading to the feasibility of using sex steroid hormones in preventing and treating heart disease. In this study we have demonstrated that male sex hormone (testosterone) has a regulatory role in modulating SERCA activity, which consequently affects cardiac muscle relaxation. Chronic deprivation of male sex hormones induces a suppression of maximum SERCA activity without affecting myofilament Ca 2ϩ sensitivity and NCX activity. A leftward shift in Ca 2ϩ -ATPase activity-pCa relationship of vesicles from ORX rat suggests a potential adaptation of the heart to compensate for the depressed SERCA activity under chronic deprivation of male sex hormones.
Testosterone directly regulates intracellular Ca 2ϩ handling and myofilamant activity in cardiomyocytes, as demonstrated by the ability of testosterone to induce an increase in L-type Ca 2ϩ current in cardiomyocytes (12, 36) . This effect can be attributed to a reduction in the intracellular Ca 2ϩ transient amplitude induced by the chronic deprivation of male sex hormones (10) . In addition, the reduced Ca 2ϩ transient amplitude in the ORX rat heart might involve a lowering in the Ca 2ϩ -release ability of ryanodine receptors (34) . Results from the present study further suggest another mechanism, through a suppression of SR Ca 2ϩ content as a consequence of the reduction in SR Ca 2ϩ uptake activity. However, Tsang et. al. (34) observed no changes in SERCA or NCX activity in the heart of ORX rats despite a prolonged Ca 2ϩ transient decay. The difference between the present and previous studies might be due to the different methods of Ca 2ϩ uptake analysis. Whole SR membrane vesicles were used in the previous report to study Ca 2ϩ uptake activity, which may have been affected by other factors present in the membrane preparation.
Although a reduction in the maximum SERCA activity in heart disease is mostly caused by downregulation of SERCA protein expression levels (21) , this activity could still be modulated by an interaction with other components. A previous study (25) in a dog model of heart failure has shown a decrease in SR Ca 2ϩ uptake activity in proportion to the increase in severity of myocardial dysfunction. However, SERCA content is partially reversed in severe heart failure (25) , possibly as a result of a compensatory response. Besides changes in the amount of protein, SERCA activity can be modulated by many associated proteins (1, 20) . For example, phosphorylation of PLB by PKA and/or Ca 2ϩ /calmodulindependent protein kinase II (CaMKII) increases the sensitivity of SERCA to Ca 2ϩ (20) . Overexpression of SLN in the heart is another factor leading to a reduction of SR Ca 2ϩ uptake (1).
Ablation of SLN increases SR Ca 2ϩ uptake activity (1, 2) . Surprisingly, the present study showed that reduced maximum activity together with Ca 2ϩ hypersensitivity of the rat heart under chronic deprivation of male sex hormone was not related to either PLB or SLN content.
However, we detected reduced PLB phosphorylation at Thr 17 in the ORX rat heart. The reduction in PLB phosphorylation at Thr 17 might be due to reduced CaMKII activity (5) or increased phosphatase activity. The relationship between male sex hormones and CaMKII activity varies depending on the organs of interest. Testosterone activates dendritic thorn activ- ity via a CaMKII pathway (16) but exerts no effect on CaMKII activity in pituitary cells (15) . The role of testosterone on CaMKII activity of the heart has yet to be evaluated, but there is evidence showing an increase in CaMKII activity in male but not female hearts under stress-induced cardiac injury (22, 35) . Interestingly, Salas et. al. (31) reported that an increase in the activity of NCX is one mechanism in triggering CaMKII activity of the heart. Thus, downregulation of NCX in the ORX rat heart could result in the decreased phosphorylation of PLB (at Thr 17 ). However, the significance of changes to PLB phosphorylation status at only Thr 17 and its relationship with SERCA activity remain unexplained.
The ability of male sex hormones to regulate cardiac contraction has led to the possibility of using androgen supplement in postmenopausal women (3, 17) . We (6, 7) have previously demonstrated that chronic deprivation of female sex hormones induces a suppression in intracellular Ca 2ϩ transients together with a decrease in SERCA activity. Interestingly, in the present study, maximum SERCA activity of the heart of male sham rats was similar to that detected in ovariectomized rats (6) , suggesting a lower SERCA activity in the male heart than in the female heart during young age. However, Dash et al. (11) found no significant differences in maximum cardiac SR Ca 2ϩ uptake activity between male and female subjects with an average age of 40 yr. Another significant finding from the present study is that male sex hormone plays no role on SERCA protein expression levels or on SERCA-to-PLB ratio, but female sex hormones exert a significant regulatory role (6, 30) . Such physiological differences might be one explanation why androgen has less cardioprotective efficacy than female sex hormones. Further investigation of testosterone supplementation in ovariectomized rats and estrogen supplemention in ORX rats may provide answers to this phenomenon.
In summary, the present study demonstrated a relationship between male sex hormone (testosterone) and activities of intracellular Ca 2ϩ -handling proteins in the heart of ORX rats. The hormone exerts physiological role in the contraction/ relaxation of the heart, in part, through the modulation of SERCA but not NCX activity.
